Electrophoresis was used to examine levels of association between alleles at different variable loci within eight natural populations of the annual plant, Impatiens capensis. This species produces both obligately self-fertilizing cleistogamous (CL) and strongly protandrous chasmogamous (CH) flowers. Values of gametic (D) and composite () disequilibrium estimated for all pairs of covarying loci revealed significant levels of disequilibrium in most of the populations. A bootstrap technique was used to obtain weighted means and standard errors of normalized disequilibrium estimates and these were compared among populations and groups. Mean composite disequilibrium (a') spanned a remarkable range among populations (0.09-i O, mean =0.43), as did fixation indexes (f), but these were only weakly correlated with each other (r =0.50). Levels of disequilibrium in the CL and CH progeny generally resembled those found in their maternal parents, but values for the CII group were more variable. A reduction in disequilibrium was sometimes associated with outcrossing, but it is unlikely that selection to reduce disequilibrium favours outcrossing in this species.
INTRODUCTION
The presence of association between alleles at different loci, usually termed gametic or linkage disequilibrium, can result from selection, recent mutations, the mixing of genetically distinct populations, or random drift in allele frequencies (Crow and Kimura 1970; Lewontin, 1974; Hedrick et al., 1978) . Consistent patterns of disequilibrium have often been interpreted as evidence for natural selection (Lewontin, 1974; All ard et a!., 1972a, b) . Less regular patterns of association among alleles are likely to occur in small populations or under other circumstances where recombination is restricted (the " Hill-Robertson" effect, after Hill and Robertson, 1966) . Plant populations often experience self-fertilization and/or local pollen and seed movement (Jam, 1976; Levin, 1981) and so might be expected to frequently exhibit significant levels of disequilibrium. Unlike inbreeding which can be eliminated in a single episode of random outcrossing, inter-locus associations may persist for several generations, even in the absence of chromosomal linkage between the loci.
Interlocus associations, if frequent, could play an important role in the evolution of mating systems by interfering with the fixation of new favourable alleles and/or the elimination of deleterious alleles (Felsenstein, 1974; Feisenstein and Yokoyama, 1976; Strobeck et a!., 1976; Maynard Smith, 1978; Crow, 1988) . For example, deleterious alleles due to mutation are expected to accumulate by drift in small populations and could come to be associated with other favourable and deleterious alleles even in the absense of linkage. Under such circumstances, free sexual recombination could be favoured for its ability to reduce this randomly-generated disequilibrium and so facilitate simultaneous, independent selection at the different loci. These authors compare sexual and asexual populations, but the arguments could also provide an advantage for increased outcrossing in a selfing population (cf. Heller and Maynard Smith, 1978) . That is, an allele that increases outcrossing could increase if it effectively dissipated levels of gametic disequilibrium that interfere with selection at other loci. This contrasts with the selective advantage most commonly invoked to explain the advantage of outcrossing over self-fertilization, namely classical inbreeding depression resulting from the increased expression of deleterious recessive alleles and/or reduced overdominance in the more homozygous inbred progeny (Crow and Kimura, 1970; Falconer, 1981) . Selfing resembles asexuality in transmitting a higher fraction of maternal genes and slowing the dissipation of disequilibrium. A relative excess of multiple homozygotes and multiple heterozygotes ("identity disequilibrium") is also expected in selffertilizing populations, even in the presence of gametic equilibrium (Cockerham and Weir, 1968; Weir and Cockerham, 1973) . Such identity disequilibrium plays a role in mating system evolution by affecting the likelihood of associative overdominance (Uyenoyama, 1988) .
For outcrossing to be favoured over selfing for its ability to dissipate disequilibrium between alleles at separate loci, several conditions should be satisfied: levels of disequilibrium should be relatively large, the disequilibrium should be of the type that interferes with selection (rather than being the product of a consistent pattern of selection), and outcrossing should be effective in reducing disequilibrium, relative to self-fertilization.
Here we examine levels of gametic disequilibrium in several natural populations of the common woodland annual, Impatiens capensis to test whether these conditions are satisfied. This species mixes self-and cross-fertilization by producing two distinct types of flower: tiny, obligately selffertilizing cleistogamous (CL) flowers, and showy, protandrous chasmogamous (CH) flowers commonly pollinated by bumblebees. We compare patterns of disequilibrium among populations and among maternal parents and the two progeny types. Seedlings produced by the CH flowers frequently display a fitness advantage over selfed siblings (Waller, 1984; Mitcheli-Olds and Wailer, 1985) but the genetic basis for this advantage remains unclear. The CH flowers are mechanically incapable of seif-fertization (Wood, 1975) , but pollen is often transferred between flowers on the same plant, resulting in geitonogamous selfing. The genetic and mating structure of these populations is reported elsewhere (Knight and Waller, 1987; Wailer and Knight, 1989) . For other information on the breeding system of Impaliens, see Schemske (1978) and Wailer (1979; 1980) . and Ledig, 1982) . Of the 31 loci initially screened, eight loci encoding six enzymes proved to be polymorphic in one or more populations (Knight and Wailer, 1987) and seven were polymorphic enough to use in this study (table 1). The linkage (chromosomal) relationships of these variable loci is unknown. The four necessarily selfed CL seeds from each plant provide eight gametes for inferring the maternal genotype with high reliability (the probability of miss-scoring a heterozygote = (0.5)7 = 00078). Too few CH progeny were present in populations PW and PU to estimate disequilibria for this group. For further details about the sites, collections, and methods, see Knight and Waller (1987) .
METHODS

Electrophoretic survey
Estimating linkage disequilibrium The commonest measure of association between alleles at distinct loci is gametic (or "linkage") disequilibrium. This quantity is estimated from the departure of observed gametic frequency from that expected by random association of alleles at the two loci:
D=P'-p1q where allele i occurs at frequency p, at locus 1, allele] at frequency p3 at locus 2, and they co-occur in gametes at frequency P's. When data on diploid genotypes are available instead of gametic data, estimating gametic disequilibrium requires making assumptions regarding population structure (Hedrick et a!., 1978; Weir and Cockerham, 1979) . For example, one may estimate gametic frequencies from the diploid genotypes under the assumption that the population is panmicitic. It is clearly inappropriate, however, to assume panmixia in a self-compatible species with non-random patterns of mating like Impatiens. Another alternative occurs when self-fertilization is frequent: double heterozygotes occur so rarely that it is possible to infer gametic types directly from the diploid genotypes (e.g., Brown et a!., 1977) . Double heterozygotes must be excluded from such analyses since coupling and repulsion pairing of alleles can not be distinguished. We estimated gametic disequilibrium using this approach, but found an appreciable frequency of double heterozygotes in several populations (range: 0-364 per cent).
To avoid assuming panmixia or a uniformly high selfing rate, we also followed the recommendation of Weir (1979) and Weir and Cockerham (1979) to estimate Burrow's composite measure of total gametic and non-gametic digenic disequilibrium:
where P is the estimated frequency of alleles i and] co-occurring in repulsion and represents the within-individual and Db, the betweenindividual component of disequilibrium. To correct for bias, both D and z were adjusted by the factor N/(N-1). With random mating, Db is zero and z provides an unbiased estimate of D. Under the hypothesis that delta is zero, the variance of its estimate is (Weir, 1979) :
where D,, the one-locus disequilibrium coefficient, is given by:
We wrote a program to provide estimates of gametic disequilibrium, composite disequilibrium, and associated chi-square statistics for each pair of alleles, correcting for departures from random mating (Hill, 1974; Weir, 1979; Laurie-Ahlberg and Weir, 1979; Black and Krafsur, 1985) . Alleles with a frequency of less than 002 were excluded from analysis to avoid obtaining low expected frequencies of certain genotypes and inflated chisquare values. Gametic disequilibrium was estimated under the assumption that each of the N diploid genotypes represent an independently sampled gamete. Disequilibria were estimated separately for the maternal parents and their CL and CH progeny, making three groups. Significance levels for the individual disequilibria are reported only for the parental populations as the presence of common maternal parents violates the assumption of independence in the chi-square tests. The magnitudes of both measures of disequilibrium depend on allele frequencies and range from zero (random association) to a maximum possible absolute magnitude of 025. To permit comparisons among loci with diverse allele frequencies and among populations, we also calculated Lewontin's (1964) 
(cf. Clegg eta!., 1972; Weir and Cockerham, 1979 We estimated approximate error statistics for the normalized disequilibrium estimates using a bootstrap procedure (Efron, 1982) . Carlo studies (Efron, 1982, p. 28) ; we used 200-400 repeated samplings.
RESULTS
Levels of association among loci vary considerably among populations and among pairs of loci (table   2) . Estimated mean normalized composite disequilibria (A') ranged from 0094 in population PU to 10 in population PW only 2 km away. These two populations were also the most and least inbred, respectively (table 3), suggesting a correspondence between inbreeding and the extent of disequilibrium. Across all populations, however, estimated mean disequilibrium and population fixation index are only weakly correlated ( fig. 1 ; r = 0502, ns; note: 14 df would be necessary for this correlation to be significant at P<0.05). Five of the eight populations exhibited levels of disequilibrium significantly (P <005) greater than zero at at least one covarying pair of loci and 14 of the 32 individual values were significant.
Because no statistical corrections were made for multiple comparisons, one or two of the only nominally significant disequilibria could occur by chance. Still, the number and strength of the associations in many populations suggest that disequili- -table 3) . Among the progeny, only the estimated mean disequilibrium (0.445) for CH progeny in population ED is not demonstrably significantly greater than zero, and this appears attributable to the large estimated standard error (0.348) associated with the small CH sample size (table 1) Estimated mean disequilibria in the progeny groups generally mirrored levels of disequilibrium found in their maternal parents (table 3 and fig. 2). This correspondence is particularly close between CL progeny and their parents (r = 0993) and somewhat less between CH progeny and parents (r=0690). Five of seven populations exhibited lower CH than parental disequilibrium, and this reduction ranged up to 34 per cent (populations SF and MZ). None of these differences was statistically significant, however, and populations PU and MV showed apparent increases in disequilibrium. These resu1ts suggest that while outcrossing can be effective in breaking up particular maternal allelic combinations, other associations can also be introduced via the paternal genome.
DISEQUILIBRIUM IN IMPATIENS
DISCUSSION
Alleles at distinct loci often tend to be associated with each other in natural populations of I.
capensis. Such associations are not unexpected in a self-fertilizing species with an inbred population structure like Impatiens. Almost half of the 2-locus disequilibria deviated significantly from zero, with five of the eight populations containing at least one pair of alleles with significant association. The linkage relations among these loci are unknown, but the relatively high number of chromosomes (2N=20; Wood, 1975) make it unlikely that the few variable loci examined in any one population are contained in a tight linkage group. Interestingly, population means of normalized disequilibria over all loci (mean ') exhibited even greater levels of apparent statistical significance based on the bootstrap results. All the populations (except perhaps PU) had disequilibria significantly greater than zero, with estimated standard errors that ranged from 000 to 0176. The magnitude of these estimated errors do not appear to depend directly on sample size in these populations (e.g., the two largest values, 0237 and 0348 for CH progeny in AT and ED, occurred in populations with the second largest and second smallest sample sizes). Linkage disequilibrium can be generated both by random drift of allele frequencies in small CL and/or inbred populations and by selection favouring particular genetic combinations at different loci. With population subsidivision, alleles at separate loci can also come to be correlated with each other, even with linkage equilibrium within the subpopulations (Nei and Li, 1973; Ohta, 1982) . Thus, to identify selectively based disequilibrium, it is necessary to demonstrate the presence of con- sistent linkage disequilibrium across several populations (Lewontin, 1974) . We did not find disequilibrium of consistent sign or magnitude between particular pairs of loci among the populations we examined (table 2) . This suggests that much of the observed disequilibrium may be randomly generated or due to inconsistent selection at these or linked loci.
Significant levels of randomly generated disequilibrium are to be expected in populations of species like I. capensis due to frequent inbreeding, founder effects, and consequent small effective population sizes. A weak correlation was observed between estimated mean disequilibrium and population fixation index (r = 050), suggesting that factors that promote inbreeding may also help maintain disequilibrium. Other factors, such as historical patterns of colonization and population subdivision are probably just as important, however. The considerable variation found among pairs of loci within populations and among populations is consistent with the hypothesis that this disequilibrium results more from random events than a consistent pattern of selection. Alternatively, variation among the populations could also be due to chromosome aberrations restricting recombination in certain populations.
Outcrossed animal populations usually exhibit little disequilibrium except between tightly linked loci (e.g., Drosophila montana- Baker, 1975; D. melanogaster-Langley et a!., 1977) . Two of ten pairs of loci displayed significant disequilibrium in a natural house fly population (Black and Krafsur, 1985 ). These involved rare alleles and were not consistent across populations and so also presumably reflect random population processes. Similar, 32 of 50 Yanomama villages in South America exhibited significant disequilibrium (mostly from two pairs of closely linked loci) that appeared to result from population subdivision and inbreeding rather than any consistent pattern of selection (Smouse and Neel, 1977 ). In a rare study of a self-fertile animal species, Foltz et a!. (1982) documented levels of disequilibrium in eight populations of the self-fertile slug, Deroceras laeve that were considerably greater than those found in an outcrossed relative. Again, the disequilibrium was not consistent and was therefore interpreted to be the result of drift.
In contrast to these results, significant levels of disequilibrium have often been observed in selffertile plants where it has frequently been interpreted as evidence for consistent selection. For example, two California populations of wild oats (Avena barbata) exhibited marked disequilibrium between both linked and unlinked loci that appeared to be related to the plants' microenvironment (Allard et a!., 1972b) . Similarly, disequilibrium consistently increased over many generations of self-fertilization following the creation of composite crosses in barley (Hordeum vulgare), apparently due to selection and restricted recombination (Clegg et a!., 1972; Weir et al., 1972) . Such patterns are not universal, however. Eleven mostly selfing Israeli populations of wild barley (H. spontaneurn) also displayed significant disequilibrium, but not in any obvious ecological pattern (Brown et a!., 1977) . Natural populations of Lupinus succulentus displayed no significant linkage disequilibrium even between a pair of linked loci (Harding and Barnes, 1977) . This last species most resembles Impatiens in being variably outcrossed, insect (honeybee) pollinated, and a colonizer.
For outcrossing to be favoured over selfing for its ability to reduce disequilibrium, we reasoned that three conditions should be satisfied (see Introduction). The patterns of disequilibrium described here appear to satisfy the first two, namely that significant levels of disequilibrium exist in many populations, and that this disequilibrium appears to be of the kind that might interfere with simultaneous selection at several loci (i.e. it appears to be generated by a variety of extrinsic forces rather than reflecting a consistent pattern of selection). However, the third condition (that outcrossing be effective in reducing disequilibrium) has not been demonstrated. Generally, both CL and CH progeny display levels of disequilibrium similar to their maternal parents ( fig. 2 ).
Although levels of disequilibrium among the CH progeny are more variable, they were neither consistently nor significantly lower than their parents. This may not be surprising, however, given the single elapsed generation and the genetic consequences of CH reproduction in this species.
Although less inbred than CL progeny, CH progeny experience both moderate levels of geitonogamous selfing (mean = 50 per cent) and frequent biparental inbreeding as the result of consanguineous matings (Wailer and Knight, 1989) .
The rate at which disequilibrium decays depends upon the rates of both recombination and outerossing (Weir and Cockerham, 1972) and, in the case of subdivided populations, on the rates of migration (Nei and Li, 1973) . Rates of migration are difficult to estimate but appear to be on the order of 03 to 3 per population per generation (Knight and WaIler, 1987) . The existence of two populations in whch CH disequilibria were higher than parental values also demonstrates that out-crossing may not always act to reduce disequilibrium. Such increases could result from pollination involving one or a few pollen parents with distinct genotypes.
Thus, the associations between alleles at distinct loci that occur relatively often in I. capensis are not uniformly or rapidly dissipated in a single generation of "outcrossing". Inbreeding and limited opportunities for gene exchange probably contribute to the high levels of disequilibrium in several populations. Nevertheless, estimated levels of disequilibrium are not uniformly high across all populations. This suggests that chasmogamy and its consequent outcrossing can, at least in some instances and over time, effectively dissipate disequilibrium. Such effects, however, do not appear frequent or strong enough in I. capensis to consistently favour outcrossing through short-term, individual selection.
